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AbstraetmThe movements of sand dunes due to wind forces are studied by consider- 
ing the boundary layer adjacent o the potential flow over the dunes and Exnerian 
erosion theory. More specifically, dune movements are analysed by considering 
time-dependent deformations of the sand dune profiles parallel to the wind direction. 
This assumption eliminates certain complications including those which arise from a 
three-dimensional treatment. Experience has shown that a two-dimensional model is 
quite adequate in fairly smooth dune regions. 
1. INTRODUCTION 
Movements of sand dunes are extremely important in a desert environment, where the 
wind effects are the most important mechanism for continuous deformations of desert 
surfaces. Sand dunes result from the shear stresses, applied by the wind forces, which 
cause erosion and deposition. The object of this paper is to calculate wind stresses and 
their effects on the deformations of sand dunes. 
For small regions (up to one kilometer in length and width, and 100 meters in height), 
the flow around sand dunes can be considered as a potential flow, i.e., the Coriolis effect 
and the compressibility of air may be ignored [1]. 
The governing equation for the flow is then the Laplace equation. The lower boundary 
for this equation on the sand dunes is a wavy one; the two vertical and the upper 
boundaries are assumed to be at infinity. The mathematical model thus becomes one of 
solving the Laplace equation with a wavy boundary. The method chosen for the solution 
of this problem involves the superposition of a uniform flow and arbitrary sources and 
sinks distributed along the dune surface throughout he region which satisfies the 
Laplace equation and the boundary conditions [2]. This method will be explained in Sec. 
2. 
Once the dominant flow over the dunes is determined, the boundary layer can be 
attached to the flow. The determination of the boundary layer is the most important part 
of the model since shear stresses on the dune surfaces are produced in this layer which 
is studied in detail in Sec. 3. 
Exnerian erosion theory, which relates the change of height with respect o time to 
wind velocities, is also considered in this paper. Refinement of this theory is essential, 
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although lack of experimental data poses a serious problem in attempting to use a 
complete rosion theory. Details of this analysis are given in Sec. 4. 
A computer package was prepared to simulate the time-dependent deformation of the 
desert surfaces in which the operational scheme involves the sequential calculation of 
the flow field and the time-dependent deformations of dune surfaces. Computer storage 
capacity, however, limits the number of sand dunes subject o numerical simulation. The 
present package can handle as many as three to four dunes, which suffice to predict he 
general dune behavior. An example of the movement of a single dune is presented at the 
end of this paper. 
Results obtained from this study provide information ecessary for such activities in 
a desert environment as development of inhabited areas, construction of various 
structures and telecommunications which can be hampered by the aerosol suspended in
the air during sand storms. 
2. ANALYSIS OF THE FLOW FIELD 
Air flow is considered to be steady, incompressible, irrotational, and free of Coriolis 
effects and body forces [2], i.e., 
V2~b = 0, (2.1) 
where @ is the velocity potential and 
V 2 __-- 3 2 3 2 
~-~ + ~ (2.2) 
is the Laplace operator; and x and y denote, as usual, Cartesian coordinates. The 
solution domain for the Eq. (2.1) is presented in Fig. 1, where the horizontal and vertical 
y = _~ 
u = U 
U = velocity at infinity 
Qj = source or sink at  (xj,yj) 
x = -~ 
u = Uoo 
v, vertical velocity in positive direction 
I ~ u, horizontal velocity in positive 
dune surface direction 
J 
in v =no a  J 
~(x jQ ' J ,  Yj ) the dune ~ ~ x 
• ~ ..'"-.... 
"".. o'" ".. 
~. • ., .. -,. 
"-~ (x. -y.) a'" "'-. -.. ]' ] ." .. 
"'-o ..... ~--'~ Mirror image of sinks " 
Qj ~and sources above x : 0 
Fig. 1. Description of the flow field. 
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fluid velocit ies are defined, respect ively,  as 
373 
or  
a4, a4, 
u=- - -  and v=- - -  (2.3) 
Ox Oy 
O0 and v (2.4) 
u-  as =~' 
where ~ is the st ream function. The velocity potential  for  this problem can be 
represented as a sum of three funct ions [2]: 
where 
and 
4' = 4,1 + 4,2+ 4,3 (2.5) 
4,1 = - U~x,  (2.6) 
4,2 = - ~ (Qj/27r) ln[(x - xj) 2 + (y - y j )2 ] l /2  (2.7) 
i=1 
4,3 = - ~ (Qj/27r) ln[(x - xj) 2 + (y + yj)2]l/2. (2.8) 
i=1 
Here 4,1 represents the flow at infinity with posit ive horizontal  velocity U~. 4,2 is due to n 
sources and sinks where negative sources are considered as sinks. The jth source at the 
point (xj, yj) is considered to have a strength of Qj = qAs  i, j = 1, 2 . . .  n ; here q is the 
distr ibuted source and sink funct ion over  the profile increment  Asi of which (x i, Yi) is the 
midpoint.  4,3 is a source and sink funct ion, which is added to the flow as the mirror image 
of  4,2 to make the x axis a zero streamline or solid boundary,  so that normal  velocity on 
the x axis is zero. The values of the Qfs  are obtained by imposing the condit ion that the 
normal  veloci ty is zero on the dune surface,  i.e., the dune surface,  which is a solid 
boundary,  becomes  a streamline. 
If  the dune surface or the dune profile becomes  a streamline, then the total differential 
on this line is 
d~b = -~- dx + dy. (2.9) 
Along the streamline or on the dune surface d0-= 0 (Fig. 2), thus Eqs. (2.4) and (2.9) 
yield 
d__yy = v /u  or tan[O(x, y)] = v/u ,  (2.10) 
dx 
where 0 is the slope of the dune surface which varies along the dune profile; 
here 
and 
v = ~ (Qi/27r)[(y - y i ) / r  2 + (y + yi)/r22] 
i=1 
n 
u = U~ + ~.. (Qi/2~r)(x - xi)[(llrb + (lira)]; 
j=l 
rl = [(x - xj) 2 + (y - y~)2]1/2, 
r2 = [(x -x~)2+ (y + yj)e],/e. 
(2.11) 
(2.12) 
(2.13) 
(2.14) 
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b~5 Qj = q Asj 
3,--" 
Q/~j a~(xj,yj) 
n : normal 
t = tangent  
q : d i s t r ibuted  
or sources 
s inks  
flow 
v~ 
0 u 
~k 
k 
\ 
\ 
\ 
} 
\ 
x. 
~2 Streamlines 
~=0 
(Dune surface) 
v n = normal velocity 
v t = tangential velocity 
Ah = height of the contoured 
area 
~x 
~.- )..-x x 
~,,, j f  vj ,,x 
i- 
(a) closed contour 
Fig. 2. The streamlines and the sand dune profile. 
If Eq. (2.10) is satisfied at n points on the dune surface, all the unknowns,  Qi, 
j -- 1 ,2 . . .  n, can be determined. 
The system of equations, which will give the values of the Qi's, is written from Eq. 
(2.10) as 
where 
and 
AijQj = Bi i, j = 1, 2 . . .  n, 
j=l 
Aii = (1/2w){[(yi - y~) - (xi - xj) tan(O~)]/R~ 
+ [(Yi + Yj) - (x~ - xj) tan(OO]/R~}, i:~ j 
R!  = [ (x i  - x j )2+ (Y i  - yj)2]l l2, 
R2 = [ (x i -  xi)2+ (yi + yj)2]l/2, 
B~ = U~ tan(0~). 
(2.15) 
(2.16) 
(2.17) 
(2.18) 
(2.19) 
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Here xl and yi are the coordinates of the ith point located on the dune surface at which 
Eq. (2.10) is satisfied. 0~ is the slope of the dune surface at the ith point. 
When i = j, then a singularity problem arises in the evaluations. At this point, A 0 can 
be found as follows: 
Consider a closed contour shown dashed in Figure 2a, having a length of As and a 
vanishing small height Ah in which the source or sink Q~ is located. The total flux 
through this surface must equal Qj. Close to the surface, i.e., Ah~0,  the tangential 
velocities, v/s will cancel so that only a v, component remains. Thus, 
or 
2vnAsj = Q~ (2.20) 
vn = Q/2Asj. (2.21) 
By considering the sign convention for fluid velocities, the horizontal and vertical fluid 
velocities at the singularity point are 
u =-  vn sin(0) and v = vn cos(0). (2.22) 
Equations (2.16)-(2.18) and (2.21)-(2.22) yield 
Aij = (0.5/As~)[cos(Oj) + sin(0j) tan(0r)] + 1.0/[27r(yi + y~)]. (2.23) 
To confirm that the choice of point sources and sinks is sufficient, the slope of the 
zero streamline 0", which corresponds to the dune surface, is calculated as 
O* = tan-J(v/u) (2.24) 
at a random selection of points. If the calculated value of 0* differs by less than three or 
four degrees from the actual slope of the dune profile, then the number of points 
selected is adequate. In these calculations, the source strength Qj at the midpoint of the 
segment As i is used to obtain the value for the source strength Qk at the check point 
between two segments Asj and Asj+~. This is given as follows: 
Qk = 0.5(Asj + Asj+O[(QilAsi) + (Qj+IIAsj+I)]. (2.25) 
During the convergence t st, singularities may be avoided as explained in the preceding 
paragraph. 
The sources must be located equidistantly on the dune surface, and the corners must 
be rounded to let the flow follow the solid boundary. Rounding of sharp corners may be 
effected by attaching circular arcs to the surface. 
The actual locations of the source and sink points can be determined by computer 
assignment. Once the values of the Qfs and their locations (xj, yj) are found, the velocity 
field can be verified from Eqs. (2.11) and (2.12). This flow field drifts over the boundary 
layer whose analysis is the major task in the model. 
3. BOUNDARY LAYER ANALYSIS 
The flow over the sand dunes is strongly influenced by frictional forces arising on the 
dune surfaces. These forces create a boundary layer between the sand dune and the 
potential flow (Fig. 3). For dome dunes, which have a smooth geometry [3], the boundary 
layer can be assumed to be without separation. This, however, is not the case for 
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= Thickness of the bounda~ layer 
60= Thickness of the zero velocity line 
ds = Thickness of the separation zone Boundary of the potential flow 
and the boundary layer 
~ ~ p o t e n t i a l  flow 
1 I~  prof' ~ 
~ , ~  Dune 
Fig. 3. The boundary layer over the sand dune profile. 
barchan dunes which have complex geometries. The objective in this section is to find 
the velocity distribution in the boundary layer and the stresses on the dune surface due 
to this velocity distribution. 
If only low wind speeds are considered, the velocity distribution parallel to the 
tangent of the dome dune surface, whose slope is denoted by Oh, is 
Ub = K ln(z/zo),  (3.1) 
where z is the distance measured on the normal to the dune profile, z0 is a coefficient 
related to the surface roughness, and K is a local constant which can be determined by 
imposing the condition 
ub = u cos(0b)+ v sin(0D (3.2) 
at the point (x, y), where 
u =/3U~ and v =0.0. (3.3) 
At this point, the potential flow is almost parallel to the horizontal plane, and the 
horizontal velocity of the potential flow attains the value of U®. The value of/3 may be 
chosen as 0.99 or 1.01 to prevent Eq. (3.3) being satisfied at infinity. The point where Eq. 
(3.3) is satisfied may be used to define the thickness of the boundary layer. 
The equation used for shear stress Ts depends on the magnitude of the Reynolds 
number Re = ubl[v [4]. Here ub is the fluid velocity where the stress is to be calculated, ! 
and v are the characteristic length of the flow and the kinematic viscosity, respectively. 
Shear stress on the surface for laminar flow (Re ,~ 70) is given by 
dub 
~'s = •I dz  " (3.4) 
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For turbulent flow (Re > 70), this becomes 
377 
[dub'~ 2 ~-~ = K2~-d~- / , (3.5) 
where K, and K2 are constants. In the case of more complex dune shapes, where 
separation is unavoidable, the boundary layer must be studied as follows (Fig. 4): 
The velocity distribution in the boundary layer, whose thickness is 8, can be written by 
ignoring the separation as 
ub = A(z /8 ) "  + B(z /8 ) ,  (3.6) 
where A, m, and B are constants to be determined as the boundary layer thickness 
progresses downstream (Fig. 4a). The progress of the boundary layer is observed from 
an initial point at which its thickness is 8~. At this point, we introduce a coordinate 
system whose axes coincide with the tangent o the dune surface (the s axis) and the 
normal (the z axis) of the dune profile. The velocity distribution given by Eq. (3.6) is the 
velocity distribution at the point (As, 8). Once this velocity distribution is established, 
the coordinate system should be shifted to (As, 6) on the dune profile to follow the 
progress of the boundary layer. It is assumed that the difference between the tangent o 
the profile and the profile itself is negligible. 
The conditions for determining the unknowns A, ~5, m, and B at (As, ~) are given 
below: 
(1) The continuity of the velocity at the interface of the boundary layer and the 
potential flow gives 
where 
ub = up, (3.7) 
Up = u,  cos(0b) + v, sin(0D. (3.8) 
Vl 
- Ub(Z) potential / I 
I. ~ flow \ u ,v o ,orizontal and ,ertical L m, u 
\b~/  ~ fluld velocity at the control ' ~ ~  ul 
potential /~  ~ boundary of the volume i ~ o ' ~ ~  
flow / \ ~ potential flow and a-~ +a6" ~ #~'~ 
/ \ ~ ~:,,+~ boundary layer - ~ / "  ,~"-.."-.7 
/control~ ~ rs: stress °n the surface Is'lis+a6s / , ~ U s "  Us {z) 
volume ~ k . /A  / ' L~" ' /  
\ ~ -~' ~ ~ streamline 
layer ~,~,e~.._~b . . . . . . .  " ~ ) /  - 
~xx ,_ -m ~ ~zero-velocl ty 
~k~ x'" u.*,v.: horizontal and vertical , -  -d , -~-  ~ separation zone 
~xx' S" S fluid velocity at the "~.  
~" separation line "~ 
\" dune ~x 
o b = slope of the -~  
dune surface "~ 
(a) unseparated (b) separated 
Fig. 4. Control volumes in the boundary layer. 
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Here ul and vI are the horizontal and vertical flow velocities at the interface of the 
boundary layer (As, 6). 
(2) If we impose the condition of having zero shear stress at the interface of the 
boundary layer with the potential flow or at (As, S), we obtain 
dub _ 
dr - 0. 
(3) The continuity equation in the control volume is 151 (Fig. 4a) 
r‘b dz = - U,, 
(3.9) 
(3.10) 
where 
up = 81 cos(&)- u1 sin(&). (3.11) 
(4) The conservation of momentum by assuming an incompressible flow in the control 
volume is [5] 
ds, d j-’ u’b dz = - uPvP -(7,/p) - I,’ (;) g dz, (3.12) 
where p is the density of the fluid and p is the pressure in the control volume, where the 
pressure gradient is assumed to be constant and the body forces are neglected. The shear 
stress T, on the surface is a function of the fluid velocity in the boundary layer and its 
derivatives at z = 0: 
T, = f(ub, dub/dZ. . .), (3.13) 
where f denotes the constitutive relation for the shear stress. Equations (3.4) and (3.5) can be 
utilized in place of (3.13) depending on the magnitude of the Reynolds number of the 
flow. The term dplds in Eq. (3.12) can be calculated in the potential flow at (As, S) 
through the flow equation 
1 dp ---= u du, 
P ds p ds ’ 
(3.14) 
Solution of system (3.7)-(3.12) can be obtained by regarding A, B, and m to be constants 
during the progress of the boundary layer for the distance As. The following equations are 
obtained from (3.6), (3.7) (3.9) and (3.10): 
A + B = up, (3.15) 
mA+B=O, (3.16) 
A8 = - v,As/[A/(m + 1) + 0.5B]. (3.17) 
By using Eq. (3.4) for the shear stress and Eq. (3.14) for the pressure gradient, Eq. (3.12) 
becomes 
AS = - uPup - (K,BIPS) + au, ~]As/{[A’/(2m + l)] + [2AB/(m + 2)1+ B*/3} (3.18) 
and the thickness of the boundary layer becomes 
6 = 6, + A& (3.19) 
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Thus, Eqs. (3.15)-(3.19) and (3.4) fully define the stresses on the sand dune. As can be 
found from the convergence criterion on 8 to be discussed later. The solution technique 
to solve system (3.15)-(3.19) is as follows: 
A value of As is chosen, and the values of up and vp are found at (As, 81). Equations 
(3.15) and (3.16) yield A and B in terms of m. Equation (3.17) gives A8 in terms of m and 
Eq. (3.15) is an equation in terms of m only, where 8 = 81. Once m is verified, the values of 
A, B, A8 and 8 are known. The process must be repeated with the new values of up and vp 
calculated at (As, 8). The evaluation cycle stops when convergence on 8 is attained. 
The convergence criterion in the analysis concerns the tolerance allowed in the 
evaluation of 8 at (x, y). As is defined to be properly chosen if the value for 8 calculated 
for any As* <As  differs from that calculated for As by less than 1%. This gives a 
criterion for convergence. 
The stresses on the dune can be computed as the boundary layer progresses. If the stress 
value becomes zero, separation of the flow begins, [7], and an air pocket is trapped on the 
sand dune. In this region, the stresses must be calculated by considering this separation 
region. The velocity profile in this region can be written as [6] 
us = [D(z /8 )  p + E(z /8 ) ] [ ( z /8 )  - 8"] ,  (3.20) 
where D, 8, p, E and 8" are the unknowns. 8" is defined as 8" = 80/8 where 80 is the 
thickness of the zero-velocity line. The thickness of the separation zone 8s is also unknown 
in the problem. The variation of the boundary layer is followed as in the previous case. 
Again, a moving (s, z) coordinate system is used to determine the thicknesses of the 
separation zone and the boundary layer. 
The conditions for determining the unknowns in (3.20) and 8s are as follows: 
(1) The continuity of Us at (As, 8): 
us = up. (3.21) 
(2) The condition for zero shear stress at (As, 8): 
dus = 0. (3.22) 
dz 
(3) The continuity equation in the control volume including the separation zone (Fig. 4b): 
d f f  
ds us dz = - vp. (3.23) 
(4) The conservation of momentum by assuming an incompressible flow in the control 
volume: 
d fo fo -~s us dz  = - upvp - ('rs/p) - dz. (3.24) 
(5) The continuity equation in the control volume, which consists olely of the separated 
flow: 
d r 8' 
~-s J0 us dz = - vs, (3.25) 
where v, is the flow velocity parallel to the z-axis at (As, 8s) which is not known. 
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(6) The condition for zero flow across the interface of the separated and unseparated 
flows, i.e., the interface becomes a zero streamline at (As, 85) [2]: 
dSs_  v5 
ds u*' 
(3.26) 
where u* must be calculated from (3.20) at this point. 
(7) The condition for irrotationality along the interface of separated and unseparated 
flows at (As, 85): 
OUs _ av___~ = 0. (3.27) 
3z as 
Equations (3.21)-(3.27) are sufficient o solve for the unknowns D, 8, p, E, 80, 8s, and Vs. 
The unknown Vs is an auxiliary unknown in the system. The velocity profile (3.20) is 
considered invariant, i.e., D, E, p, and 8o are held constant as during the progress of the 
boundary layer. Equations (3.21)-(3.27) may be modified in a way analogous to that used to 
obtain Eqs. (3.15)-(3.18) as follows: 
D + E = up/(1 - 8~) (3.28) 
[(1 - 8~)p + 1]D + (2 - 8*)E = 0 (3.29) 
A8 = - -3vpAs(p + 2)/[3D + (p + 2)E] (3.30) 
{[D2/(2p + 3)(2p + 1)][(2p + 1) - 8"2(2p + 3)] + (E2/15)(3 - 58 .2) 
+ [2DE/(p + 4)(p + 2)][(p + 2) - 8~,j2(p + 4)]}A8 
[D(8518) p+~ + E(8,/8) 2 - D8"(8518) ° - ES~(8,/8)]ASs + Asv, 
= {[D(p + 1)l(p + 2)](8518) p÷2 + (213)E(SJS) 3 - D8"(8518) p÷I - ES*(8,/8)2}A8 (3.32) 
{[D(8518) p+ E(Ss/8)][(8,18) - 8"]}A8~ - Asv, = 0 (3.33) 
80 = 8{[D(p + 1)8~/8 p÷I] + (2ESs)/8 2 
+[ (Vs -  0 , v , )a85-  (v ° -  V°s')a85]/as(as, AS's)}/[(DpS~-ll8 ") + (El8)] (3.34) 
8 = 81 + AS, (3.35) 
and 
8 s = 81s "~- ASs ,  (3.36) 
where A8 is the increment on 8; v ° is the initial value of the flow velocity in the z direction at 
0t 0. (s = 0, z = 8~,); v, is the value of v5 prior to the assignment v,,  A85 is the increment on 8s; 
AS', is the value of AS, at the previous tep; and 81s is the initial value for 85. Vs becomes v° for 
the next step in the progress of the boundary layer. At the beginning of the separation, 8t is 
t 0 0t equal to the thickness of the unseparated boundary layer; 81o, 815, A85, A85, v 5, and v, are all 
equal to zero, and 810 is the initial value of 8o. It should be noted that Eq. (3.4) is used for the 
stress in Eq. (3.30). For the turbulent case, Eq. (3.5) is utilized; therefore, the method 
presented can be used for both laminar and turbulent cases. 
The procedure for finding the various unknowns is as follows: Once the As value is 
chosen, Eqs. (3.28)-(3.31) yield the values of D, E, p, and A8 where 8 = 81 and 8o = 81o. up 
and vp are evaluated at (As, 81) in the potential flow. At this step, p can be chosen; then Eqs. 
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(3.28)-(3.30) yield D, E, and A& The value of p chosen can be verified through (3.31). At the 
beginning of separation, an accurate choice of p may be difficult; however, in later stages 
the iteration can be done by using the previously selected value for p. Equation (3.35) is then 
used to obtain the new value for 8. Equations (3.32) and (3.33) give AS, and v~, where 8 -- 8~ 
and 8s = 81s; 8, is then reevaluated from (3.36). With the new values for 8 and 8~, Eq. (3.34) 
yields 80. The scheme is continued by using the value of 8o calculated in the preceding step. 
The up and vp values are evaluated at (As, a). Calculations are repeated over a partition of 
the boundary into As's until the differences on 8, 8s, and 80 become negligible. The 
calculations are carried on in this manner over the sand dune profile until the stresses on the 
dune surface change sign, i.e., the separation in the boundary layer ceases, and the 
boundary layer regime without separation is resumed in the medium. The As values again 
constitute a convergence parameter which must be verified as in the previous case. This 
does not consist of the separation zone alone, however, the convergence ontrol must also 
be exercised on 8o and 8~ as well as 8. 
Once the velocity distribution over the dune is found, stresses on the dune surface can be 
verified through the empirical relationships which arise from field studies. Details will be 
given in the next section. 
4. THE EROSION THEORY 
Granular and cohesionless material (sand) forms the dunes. The forces or stresses on 
the dunes apply a scooping effect on the material on the dunes. The way this scooping 
effect changes the height of the dune may be expressed in terms of Exner's erosion 
theory [4, 8, 9]: 
Oh Oq (4.1) 
at ax 
At a constant x for a steady flow, Eq. (4.1) becomes teady: 
dh -(1/Vs) ~-~ (4.2) 
dt '. 
where h, t, ys, and q are the height of the dune, the time, the density of the loose sand, 
and the transport rate, respectively. The transport is defined as the amount of material 
passing through unit width of the two-dimensional flow per unit time, and q can be 
expressed as 
q = q[h(x) ,  zs, D, Ln], (4.3 ~ 
where D is the grain size and the Ln's are unspecified factors. There is a number of 
expressions relating sand transport rate q to wind velocity, both theoretical and 
empirical. For examples of the former, consult [10] and [11]; however, in view of the 
nature of the problem of this paper, we adopted the following empirical formula of Hsu 
[12, 13], for which independent confirmation by other researchers exists: 
3 q = ~lu2,~, (4.4) 
where u2m is the wind velocity at two meters above the surface and ~h is a constant. The 
following relation can then be used: 
dh = _ rlEU ~m( du2ml dx ). (4.5) 
dt 
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dh = _ rl3u ~m( du2,,[ds ), (4.6) 
dt 
where 
r/2 = (4.63 × 10-4)/~/$ and q3 = (2.72 × 10-4)/cos(0b) 
and the values of ~h and ~2 are calculated by considering the average grain size to be 
0.25 mm and % = 1.7 g/cm 3. The units for h, t, u2~, s, and Vs are, respectively, cm, sec, m/sec, 
cm, and g/cm 3. 
In Eq. (4.6), the term du2~[ds acts like the stress on the dune surface. The deter- 
mination of "03 requires intensive field research. 
5. DETAIL  OF THE CALCULAT ION SCHEME OF MOVEMENTS OF SAND 
DUNES AND AN EXAMPLE 
The movement  of sand dunes is studied in accord with the analysis developed thus far 
in this paper. The following sequence is adopted: 
(1) An initial dune shape is considered and the potential flow field around it is 
calculated. 
(2) The boundary layer is attached to the potential flow and stresses on the dune 
surface are calculated. 
(3) The new shape of the dune can be found as 
dh 
h = h0 +-d-~- At, (5.1) 
where h0 is the initial height of the dune. The volumes eroded and deposited uring any 
At time interval must equal each other. This condition defines both ends of the dune. 
The value of At must be defined by the convergence criterion: if the values of h( t  + At0 
and h( t  + At2) at a constant x differ by a negligible amount, then At = Att. 
For the next time step, what is then the shape of the dune is considered as its initial 
shape and the scheme is repeated until the dune reaches the desired location. 
As an example, consider a dune for which l=  30m (length), h = 6 m (maximum 
height), 01 = 14 ° and 02 = 30 ° (Fig. 5). The flow field around the dune is calculated when 
U~ = 3 m/sec. The velocities in the boundary layer are calculated according to the 
following formula: 
ub = K ln(z/zo),  (5.2) 
where K is locally defined through Eqs. (3.1)-(3.3) as 
K = up/ln(~[zo) (5.3) 
and 8 is the thickness of the layer. At its boundary the streamlines deviate from 
horizontality by less than 2 ° or satisfy the conditions given by (3.3). In Eq. (5.3), z0 is 
taken as 0.003. 
The deformation of the dune profile is calculated by Eq. (4.6). The changes in the 
dune profile over a period of 24-h are presented in Table 1. Here, it is assumed that the 
sand dune rests on a solid surface (sabkha). 
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Fig. 5. A typical dome dune considered, sharp edges are rounded by circular arcs. 
X 
Table 1. The old and new positions of 
the dune surface (in meters). 
x hold h,e~ Ah 
0.000 0.000 0.000 0.000 
0.955 0.018 0.010 0.008 
3.136 0.202 0.213 -0.011 
5.864 0.715 0.736 -0.022 
9.136 1.534 1.528 0.006 
12.136 2.284 2.277 0.007 
15.136 3.050 3.050 0.000 
18.136 3.585 3.580 0.005 
19.772 3.720 3.716 0.004 
21.136 3.748 3.566 0.183 
21.955 3.686 3.699 -0.013 
24.136 3.031 3.181 -0.150 
27.136 0.798 0.797 0.001 
28.773 0.134 0.027 0.106 
30.136 0.000 0.003 0.003 
x = horizontal position of dune surface. 
hold = initial height of dune surface. 
h,,w = new height of dune surface. 
Ah = change of dune heights in twenty- 
four hours when U.  = 3 m/see. 
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6. CONCLUSION 
This paper presents a prel iminary invest igat ion of the movements  of sand dunes.  
Intens ive field and theoretical studies remain for this problem, which is extremely 
important  in desert env i ronments .  Field data are required part icularly for the deter- 
minat ion of the relat ion (4.3) whereas deve lopment  of the theory presented here might 
include three-d imensional  modell ing. A greater challenge is necessar i ly  posed by an 
attempt o extend the theory here to dunes with more complex geometries. 
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